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Introduction
Knowledge of the magnitude and frequency of floods is required for the safe and economical design of highway bridges, culverts, dams, levees, and other structures on or near streams. Flood plain management programs and flood-insurance rates also are based on flood magnitude and frequency information. A flood is any relatively high streamflow overtopping the natural or artificial banks in any reach of a stream (Leopold and Maddock, 1954, p. 249-251) . The magnitude of a flood is referred to as the flood peak, which is the highest value of the discharge or stage attained by a flood; thus, peak discharge or peak stage (Langbein and Isseri, 1960, p.10) . Three kinds of flood frequency analyses may be conducted; (1) peak discharge; (2) peak stage; and (3) total volume (Dalrymple, 1960, p. 5) . Peak-discharge flood frequency analyses are the most common and are the type of flood frequency analyses that will be presented in this investigation.
Documented historical peak-discharge data are valuable for giving perspective to flood potential for local communities near a streamflow-gaging site. Often very large floods happened so long ago that people have forgotten or are unaware that the floods happened and could happen again. These documented peak discharges may be much larger than large damaging streamflows that have recently occurred.
The potential extreme peak discharge at a site, which is an estimate of the maximum expected peak discharge that could occur at a stream site, is used in conjunction with flood frequency analysis to give the best evaluation of flood risk at a site. Extreme flood potential exceeds the discharge associated with large recurrence-interval flood, such as the 100-year peak discharge (Asquith and Slade, 1995) . Potential extreme peak-discharge curves, derived from the relation between documented extreme peak-discharge measurements and contributing drainage areas from a hydrologic region, are not associated with specific probabilities or frequencies, but give evidence as to the magnitude of flow that has occurred and can occur. Given similar basin characteristics, a peak lying close to the envelope curve might occur at other basins in the same region (Crippen, 1982) . The U. S. Geological Survey (USGS), in cooperation with the Oklahoma Department of Transportation, conducted an investigation to define the potential extreme peak discharges in Oklahoma.
Purpose and Scope
The purpose of this report is to: (1) update flood frequency estimates for gaged streamflow sites with 8 years or more of record for unregulated, regulated, and urban basins in and near Oklahoma, using data through 1999 water year; (2) present documented extreme peak discharges for gaged and miscellaneous measurement sites; (3) present potential extreme peak-discharge curves for unregulated basins for the state; and (4) present potential extreme peak-discharge estimates for all the streamflow measurement sites used in this investigation.
The potential extreme peak-discharge curves were developed based on documented extreme peak-discharge measurements from 352 streamflow-gaging stations in Oklahoma and within about 25 kilometers of Oklahoma in the bordering states of Arkansas, Kansas, Missouri, New Mexico, and Texas ( fig. 1 ; table 1, back of report); and 162 sites in Oklahoma at miscellaneous measurement sites without streamflow-gaging stations, or streamflow-gaging stations with short record ( fig. 2 ; table 2, back of report). The peak-discharge measurements presented are from unregulated basins, and basins affected by regulation, urbanization, and irrigation. An unregulated basin is defined as a drainage basin for which the peak discharges are not affected by regulation, reservoirs, diversions, urbanization, or other human-related activities. Significant regulation by dams or other manmade modification of streamflow is defined as 20 percent or more of the contributing drainage basin being affected (Heimann and Tortorelli, 1988) .
This report updates the flood frequencies presented in Heimann and Tortorelli (1988) . This update can be used to estimate flood discharges for Oklahoma streamflow-gaging sites with a drainage area greater than 2,510 square miles, because it includes 15 years of additional annual peak data and records from many additional gaging stations, including major peak discharges recorded during 1987, 1990, 1993, and 1995 water years. This report also includes and updates the flood frequencies in Tortorelli (1997) , which estimated flood discharges for Oklahoma streamflow-gaging sites with drainage areas less than or equal to 2,510 square miles.
This report also updates the potential extreme peak-discharge analysis by Crippen and Bue (1977) for Oklahoma.
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Flood Frequency Estimates for Gaged Streamflows
The curvilinear relation between flood peak magnitude and annual exceedance probability or recurrence interval is referred to as a flood frequency curve. Annual exceedance probability is the probability of a given flood magnitude being equaled or exceeded in any one year. Recurrence interval is the reciprocal of the annual exceedance probability, and represents the average number of years between peak flow exceedances of that magnitude. For instance, a flood having an annual exceedance probability of 0.01 has a recurrence interval of 100 years. This does not imply that a 100-year flood peak will be equaled or exceeded each 100 years, but that it will be equaled or exceeded on the average of once every 100 years (Thomas and Corley, 1977) . That peak might be exceeded in successive years, or more than once in the same year. The probability of that peak happening is called risk. Procedures for making flood risk estimates are given by the Interagency Advisory Committee on Water Data (IACWD) (1982) .
The IACWD (1982) provides a standard procedure for flood frequency estimation using the log-Pearson Type III (LPIII) distribution. The procedure uses systematically collected and historical peak-discharge values to define frequency distribution. The shape of the distribution is defined by a skew coefficient used in the estimation procedure.
The LPIII distribution does not always define a suitable distribution of peak-discharge values because of variation in the climatic and physiographic characteristics in the basin. The data distribution is defined by Weibull plotting positions (Chow and others, 1988 ). An inappropriate fit of the LPIII distribution to the distribution of peak-discharge data can produce erroneous values for flood frequency. Therefore, for the estimation of flood frequency in this investigation, available historical flood information, low-outlier thresholds, and skew coefficients were all considered, following the IACWD guidelines. LPIII flood frequency estimates of the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year floods are given for each gaged station used in this investigation in table 1 (back of report).
Annual Peak Data
All pertinent annual peak-discharge data were collated and reviewed to begin the flood frequency analysis. This review of data eliminated discrepancies across state lines and accounted for data in the immediate bordering areas of a state with similar hydrology.
The station flood frequency analysis presented is based on annual peak-discharge data systematically collected at 352 gag- ing stations ( fig. 1 ; table 1, back of report). Those data were based on a water year, October 1 through September 30. Those data were collected through September 30, 1999, for all stations used in this investigation. Only those stations with at least 8 years of flood peak data were used in the analysis. The IACWD (1982) recommends using at least 10 years of data to make these calculations. The only time stations with less than 10 years of data were used was to fill regional gaps; twelve crest-stage partial record sites (sites 16, 40, 79, 110, 117, 144, 198, 200, 218, 247, 314, 324) and eight continuous record sites (sites 61, 136, 165, 191, 283, 285, 291, 342) All station data were divided into appropriate periods of record, those periods in which the basins were unregulated, and those periods in which there were substantial effects from regulation by major dams or floodwater retarding structures and other manmade modifications. Therefore, each basin condition was analyzed separately if 8 or more years of record were available.
Historical Peak Discharges
In addition to the systematically collected peak-discharge data from gaging stations, the USGS routinely compiles, through newspaper accounts and interviews with local residents, information about historical peak discharges and historical peak stages, so that historical peak elevations can be determined for sites or times without measured data. A historical peak discharge is the highest peak discharge since a known date and may precede the installation of the station; a historical peak discharge can occur either before or after installation of a station. Historical information is critical for evaluating flood frequency estimates for the larger recurrence intervals. Many historical peak discharges are associated with catastrophic storms. Large storms can cause flood peaks exceeding those that can be estimated accurately by analyses of available precipitation or annual peak-discharge data.
Historical peak-discharge data also are valuable for giving perspective to flood potential for local communities near a streamflow-gaging site without the need to attach a statistical meaning to the flood. Often very large peak discharges, both historical peak discharges and systematically collected peak discharges, have occurred so long in the past that people have forgotten or are unaware that the floods have occurred. These peak discharges may be much larger than recent large notable floods. For example, the residents of Blackwell, Oklahoma, experienced a large flood on the Chikaskia River (site 14, fig.1 ; table 1, back of report) with a peak discharge of 60,700 cubic feet per second on November 1, 1998, when the river rose about 31 feet in less than two days. However, historic records show that there have been larger peak discharges. The largest is a historical peak discharge of 100,000 cubic feet per second on June 10, 1923, before the streamflow gage was installed. The second largest flood was on June 22, 1942, after the gage was installed, when the peak discharge was 85,000 cubic feet per second, almost 50 percent more flow than the 1998 flood; three other peak discharges exceeded the 1998 peak discharge.
Historical peak-discharge data are available for over 20 percent of the 352 Oklahoma and border-state stations. These peaks are designated with an "H" in table 1 (back of report). Historical peak discharge is included in frequency estimates by the specifying of a high-outlier threshold and historical record length according to guidelines in the IACWD (1982) .
Historical information from nearby streamflow gages was used for a small number of stations, including time of large peaks and period of record. These stations are indicated by the footnotes in table 1 (back of report). For many of these stations, usually those with short periods of record, one gage-recorded peak discharge is historically important because it is considerably greater than the other peak discharges. Although no official documentation of the historical importance of that peak discharge is available, a historical perspective was developed through consideration of a longer period of record from relevant nearby stations. Such consideration was necessary to produce more realistic flood frequency analyses for these stations.
Low-Outlier Thresholds
The climatic and physiographic characteristics of some streams in Oklahoma result in extremely small annual peak-discharge values, referred to as low outliers. Typically, low outliers are identified by visually fitting the data to the LPIII distribution curve. The presence of low outliers can substantially affect the distribution curve; therefore, the fit of the LPIII distribution to the data should be adjusted to account for the presence of low outliers. All peak-discharge values below the lowoutlier threshold, including zero, are excluded from the fitting of the LPIII distribution.
The IACWD (1982) guidelines provide a computational procedure for low-outlier threshold selection; however, the IACWD procedure may not produce accurate low-outlier thresholds for some stations. Therefore, the fit of the preliminary LPIII distribution to the distribution of the peak-discharge data for each station was visually inspected and some stations were assigned a revised low-outlier threshold based on that inspection.
Skew Coefficients
The IACWD (1982) guidelines recognize three types of skew coefficients: (1) the station skew coefficient calculated from only the systematic record with appropriate adjustments for high and low outliers, if applicable; (2) the generalized skew coefficient from a locally developed generalized skew map or the IACWD (1982) generalized skew map; and (3) the weighted skew coefficient, calculated by combining the locally developed generalized skew or the IACWD (1982) generalized skew with station skew coefficients.
The station skew coefficient is difficult to estimate reliably for stations with short periods of record. The IACWD (1982) recommends applying a weighted skew coefficient to the LPIII distribution. The weighted skew coefficient estimate is calculated by weighting the skew coefficient computed from the peak-discharge data at the station (station skew) and the generalized skew coefficient representative of the surrounding area. A weighted skew coefficient is based on the inverse of the respective mean square errors for each of the station and generalized skew coefficients.
Generalized skew coefficients were determined for Oklahoma (Tortorelli and Bergman, 1985) using adjusted station skew coefficients from stations with at least 20 years of peakdischarge data, streamflow data through 1980, and drainage basin areas greater than 10 square miles and less than or equal to 2,510 square miles. Tortorelli and Bergman (1985) updated the generalized skew coefficients recommended by the IACWD (1982), based on data through 1973. Updating the 1985 Oklahoma generalized skew map was not part of this project. However, a check of the standard error of the generalized skew, using the stations used to develop the generalized skew map and updated streamflow records through 1995, indicated that the standard error value of 0.33 was still valid (Tortorelli, 1997) . That standard error value was used to compute weighted skew coefficients using the station and Oklahoma generalized skews for all unregulated basins (designated with a "N" in table 1, back of report) with contributing drainage areas less than or equal to 2,510 square miles.
The IACWD (1982) weighted skew coefficients were used for all unregulated basins (designated with a "N" in table 1, back of report) with contributing drainage areas greater than 2,510 square miles.
Weighted skew coefficients are not appropriate for stations for which there has been significant effects from regulation by major dams or floodwater retarding structures and other manmade modifications. The station skew coefficient was calculated from only the systematic record with appropriate adjustments for high and low outliers, if applicable, for these types of basins (designated with an "R, U, or I" in table 1, back of report).
Documented Extreme Peak Discharges
The USGS has monitored and published streamflow data for almost 100 years at streamflow-gaging stations throughout Oklahoma, including compilation of annual peak discharges. The USGS also determines peak discharges for large floods at sites without streamflow-gaging stations, through indirect measurements at miscellaneous streamflow measurement sites. Qualifications are assigned to the peak discharges that document the nature of each peak discharge and provide information regarding regulation, reservoirs, land use, and other characteristics affecting the discharge values.
The documented extreme peak discharge was tabulated for each of 352 sites with streamflow-gaging stations (table 1, back of report). The site number, USGS station number, USGS station name, type of station, type of record, date and magnitude of the documented extreme peak discharge, magnitude of potential extreme peak discharge (described in next section), contributing drainage area, latitude and longitude of station, hydrologic region, type of basin, and LPIII flood frequency estimates (described in previous section) are presented in table 1. If the documented extreme peak discharge was described in a flood report, that report is noted by a footnote. If a station had more than one type of record, all are presented.
The documented extreme peak discharge also was tabulated at each of 162 selected sites in Oklahoma at miscellaneous measurement sites without streamflow-gaging stations or with streamflow-gaging stations with short periods of record (table 2, back of report). These data were tabulated by visually inspecting the indirect streamflow measurement files at District office. Some have been reported as a historical peak in table 1 and were not repeated in table 2. Many of these peak discharges are associated with catastrophic storms and represent some of the largest peak discharges for the corresponding contributing drainage areas in the state. The descriptive information listed in table 2 is the same as in table 1, except that table 2 lists stream name or indirect measurement site name in place of USGS station name. A USGS station number was noted only on those sites that had a streamflow-gaging station. No LPIII flood frequency estimates were computed. If the documented extreme peak discharge was reported in a flood report, that report is noted by a footnote. If a station had more than one type of record, all are presented.
The sites are fairly well distributed statewide, however many streams, large and small, have never been monitored. The location of each site with streamflow-gaging stations is shown on figure 1. The site numbers on the figure refer to those in table 1, back of report, for sites 1-352. The location of each site without streamflow-gaging stations or streamflow-gaging stations with short periods of record is shown on figure 2. The site numbers on the figure refer to those in table 2, back of report, for sites 353-514. The distribution of the documented peak-discharge measurements from these sites is listed in table 3. A total of 671 streamflow measurements were used from the 514 sites.
Potential Extreme Peak Discharges
The documented extreme peak discharges were analyzed to estimate the potential extreme peak discharges for Oklahoma. Curves enveloping the documented extreme peak discharges for different regions of the state were developed as a function of the corresponding contributing drainage areas of the streamflow measurement sites. The relation between documented extreme peak discharge and other basin characteristics, such as channel length and channel slope, were evaluated by Asquith and Slade (1995) . They reported that the potential extreme peak discharge correlates better with contributing drainage areas than with other characteristics. Crippen and Bue (1977) and Paul Jordan (USGS, written commun., 2000) also report that contributing drainage area is the single most influential basin characteristic to use for determination of potential extreme peak-discharge curves. Therefore, other characteristics were not used in the development of the potential extreme peakdischarge curves for Oklahoma. The envelope curve of discharge data is referred to as potential extreme peak-discharge curve (Asquith and Slade, 1995) . Documented extreme peak discharges 25 kilometers into the bordering states were used to expand the data base of streamflow measurements and to account for data in the immediate bordering areas of a state with similar hydrology. The documented extreme peak discharges were plotted by state to check if the potential extreme peak-discharge curve analysis may be unduly influenced by bordering state data ( fig. 3 ). Only one bordering state data point influenced the analysis, the largest documented extreme peak discharge near Van Buren, Arkansas, (site 214, table 1, back of report), the point at which the Arkansas River flows out of Oklahoma. This point is the upper limit in the east hydrologic region described in succeeding sections.
One possible discriminator for potential extreme peak-discharge curves for the state tested and rejected was dividing the data into the two major drainage basins, the Arkansas River basin and the Red River basin. The documented extreme peak discharges were plotted by major drainage basins ( fig. 4 ) and it was decided by visual inspection that there was not enough difference of discharges between basins to warrant using this criterion. There does not appear to be a meaningful role for statistical testing of documented extreme peak discharges between envelope-curve hydrologic regions (W.F. Kirby, USGS, written commun., 2001); therefore, no statistical test was performed to verify this conclusion.
Another possible discriminator tested and accepted was dividing the data into two sets, east and west of a line roughly corresponding to the 28-inch mean annual precipitation line (Tortorelli, 1997), which divides the state into an east and west region. The documented extreme peak discharges were plotted by dividing the data into two hydrologic regions, east and west, separated by a longitude line, 98 degrees 15 minutes. It was decided by visual inspection that there was a significant difference of discharges between regions, and again no statistical test was performed to verify this conclusion. This was the criterion that was adopted to define two hydrologic regions. The resulting potential extreme peak-discharge curves are shown in figure  5 for the east region and figure 6 for the west region.
Peak-discharge data from all types of basins are presented in the graphs to see what type of peakdischarge measurement records define the potential extreme peak-discharge curves (figs. 5 and 6). The peakdischarge measurements presented are from unregulated basins and basins affected by regulation, urbanization, and irrigation. All extreme peak-discharge measurements, regardless of basin type, are documented in this publication to see if extreme peak-discharge measurements from other than unregulated basins would control, or define the potential extreme peak-discharge curves.
The relation between the estimated 100-year flood frequency discharge and the contributing drainage area for each of the streamflow-gaging stations was plotted and used to visually check each of the regional potential extreme peak-discharge curves as suggested by Asquith and Slade (1995) . The 100-year peak discharges are listed in table 1 (back of report). These data resulted in the slight upward adjustment of both regional curves in the area below 1.0 square mile and above 1,000 square miles.
The potential extreme peak-discharge curves developed used all peak data as of 1999 water year and will be subject to change as greater peak discharges are subsequently documented. The upward trend of the curves through time is probably due to an increased number of streamflow-gaging stations and an increased period of record (Creager, 1939) . However, the rate of increase in peak discharges experienced in the United States has been slowing due to a longer period of recorded data and, perhaps, to approaching geophysical limits (Wolman and Costa, 1984; Matthai, 1969) . Longer periods of record also would tend to minimize the effect of weather fluctuations.
Generally, the extreme peak-discharge measurements did define the potential extreme peak-discharge curves in figures 5 and 6. Miscellaneous measurements of peak discharge in unregulated basins control the curve for drainage basin areas of about 200 square miles and less for the east region; a few miscellaneous measurements of peak discharge in urban basins control the curve for about 5 square miles and less. Miscellaneous measurements of peak discharge in unregulated basins control the curve for drainage basin areas of about 1,000 square miles and less for the west region. The potential extreme peak-discharge curve is defined mostly by measurements of peak discharge in unregulated basins at streamflow-gaging stations in the east region and a few measurements of peak discharge in regulated basins at streamflow-gaging stations and historical peaks, for drainage areas greater than 200 square miles ( fig. 5 ). The potential extreme peak-discharge curve is defined by measurements of peak discharge in unregulated basins at streamflow-gaging stations and historical peaks in the west region for drainage areas greater than 1,000 square miles ( fig. 6 ). One measurement from a regulated basin in the east region was used, Red River near Terral, Okla. (site 258, fig.1 ; table 1, back of report), in the west region curve. That measurement was used to provide a reasonable upper limit for the curve since most of the drainage area for the site is in the west region. A comparison of the potential extreme peak-discharge curves for two hydrologic regions (figs. 5 and 6) is shown in figure 7 .
A potential extreme peak-discharge estimate for any site in a unregulated basin can be obtained from the potential extreme peak-discharge curve for the hydrologic region containing the site, if the contributing drainage area is known. Since all types of drainage basins were used to develop the curves, extreme peak-discharge estimates for sites in which there have been significant effects from manmade modification of streamflow may be obtained if caution is exercised to recognize the limitations of such estimates. For example, streams regulated by major dams are subject to reservoir operations. Urban basins with a high percentage of impervious land cover such as concrete, asphalt and buildings, when coupled with a highly localized storm, could conceivably have higher peak flow. Potential extreme peak-discharge estimates of all 514 sites are listed in tables 1 and 2 (back of report). The curves are presented in tabular form for convenience (table 4). Recurrence intervals cannot be associated with potential extreme peak-discharge estimates because the discharge data do not meet the criteria for statistical analysis (P.R. Jordan, USGS, written commun., 2001).
Summary
Knowledge of the magnitude and frequency of floods is required for the safe and economical design of highway bridges, culverts, dams, levees, and other structures on or near streams; and for flood plain management programs. The potential extreme peak discharge at a site, which is an estimate of the maximum expected peak discharge that could occur at a stream site, often is used in conjunction with flood frequency analysis to give the best evaluation of flood risk at a site. Potential extreme peak-discharge curves, derived from the relation between documented extreme peak-discharge measurements and the contributing drainage areas from a hydrologic region, are not associated with specific probabilities or frequencies, but give evidence as to the magnitude of flow that has occurred. This report: (1) updates flood frequency estimates for gaged streamflow sites with 8 years or more of record for unregulated, regulated, and urban basins in and near Oklahoma, using data through 1999 water year; (2) presents documented extreme peak discharges for gaged and miscellaneous measurement sites; (3) presents potential extreme peak-discharge curves for unregulated basins for the State; and (4) presents potential extreme peak-discharge estimates for all the streamflow measurement sites used in this investigation.
Peak discharge and flood frequency for selected recurrence intervals from 2 to 500 years were determined for 352 gaged streamflow sites. Data through 1999 water year were used from streamflow-gaging stations with at least 8 years Texas. These sites were in unregulated basins, and basins affected by regulation, urbanization, and irrigation. Two types of documented extreme peak discharges are presented. These are maximum peak discharges documented at 352 sites with streamflow-gaging stations within and near Oklahoma and selected large peak discharges documented at 162 selected sites in Oklahoma at miscellaneous measurement sites without streamflow-gaging stations or streamflow-gaging stations with short record, with a total of 671 measurements. The sites are fairly well distributed statewide, however many streams, large and small, have never been monitored.
Potential extreme peak-discharge curves were developed for streamflow sites in hydrologic regions of the state based on documented extreme peak discharges and the contributing drainage areas. Two hydrologic regions, east and west, were defined, using 98 degrees 15 minutes longitude as the dividing line. The relation between the estimated 100-year flood frequency peak discharge and the contributing drainage area for each of the streamflow-gaging stations also was used to check and adjust each of the regional potential extreme peak-discharge curves.
A potential extreme peak-discharge estimate for any site in a unregulated basin can be obtained from the potential extreme peak-discharge curve for the hydrologic region containing the site, if the contributing drainage area is known. However, since all types of drainage basins were used to develop the curves, extreme peak-discharge estimates for sites in which there have been significant effects from manmade modification of streamflow may be obtained if caution is exercised to recognize the limitations of such estimates.
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